This paper proposes a voltage-based hierarchical diagnosis approach for insulated gate bipolar transistors (IGBTs) open-circuit fault of two-level AC-DC-AC traction converters. The proposed approach can diagnose the open-circuit fault in the single-phase rectifier as well as in the three-phase inverter without extra sensors. Moreover, no mandatory control signal injection is required, which ensures safe operation. In addition, the different levels of diagnostic results are flexibly determined by the presented hierarchical diagnosis architecture, which depends on the market requirements of wide use of IGBT modules. To be specific, firstly, a mixed-logic-dynamic estimation model of DC-link voltage is established. Secondly, the diagnosis characteristic function (DCF) is constructed by way of a residual characteristic analysis under normal and various open-circuit fault cases. Thirdly, the vector angular similarity function (VASF) is calculated for leg-level diagnosis and the control signals switching matching method is used to locate the fault in the device-level. Finally, the experimental results show the effectiveness of the proposed approach.
Introduction
With the rapid development of railway transportation during recent years, the AC-DC-AC electric traction system is widely applied in electric locomotives and high-speed trains [1] [2] [3] . As one of the crucial components in the traction system, the traction converters are adopted to provide power and drive the trains forward, which commonly include a rectifier, DC-link circuit and inverter. As a result, once a failure occurs in a traction converter, it will lead to the power performance deterioration of trains and possibly further damage other equipment and even cause catastrophic consequences that threaten the safety of passengers and systems [4, 5] .
The insulated gate bipolar transistor (IGBT), with its advantage of the ease of driving and higher frequency switching capacities, is widely used in traction applications. According to Reference [4] , the IGBT's failure accounts for 38% of all major components of power converters. Short-circuit fault and open-circuit fault are the two common IGBT failure types [6, 7] . Usually, the short-circuit fault has a very short duration and would quickly burn out the IGBT, which finally leads to an open-circuit fault [8] . When the open-circuit fault happens, it may lead to a secondary fault occurrence without immediate diagnosis and fault-tolerance processing [9] .
In the existing literature, the diagnosis approaches for the open-circuit fault in converters can be divided into two types-current-based and voltage-based methods [9] [10] [11] [12] [13] [14] [15] [16] [17] . The current-based methods usually use the voltage monitoring and estimators of the converter. Grid current-based methods are proposed in References [9, 11] and the mandatory control signal injection method is proposed to diagnose the IGBTs fault of rectifier, in which some IGBTs are mandatorily constrained to particular switch states to avoid misdiagnosis. It is worth noting that the mandatory injection will increase the diagnostic complexity; more seriously, it will affect the safety of the system's operation. Although
The switching functions are defined as S x = 1 T x1 or D x1 on 0 T x2 or D x2 on , (x = a, b, u, v, w)
The subscripts x = a, b, u, v, w respectively represent the rectifier A-phase, the rectifier B-phase and the inverter U-phase, the inverter V-phase and the inverter W-phase five legs. When the switching function equals 1, the input terminal of the leg is connected to the positive terminal of the DC-link. S k equaling 0 means the input terminal of the leg is connected to the negative terminal of the DC-link. T x1 and D x1 express the IGBTs and the diodes in the upper leg respectively, and T x2 and D x2 express the IGBTs and the diodes in the lower leg respectively as shown in Figure 1 . In general modulation, the relationship among S x , i x and s x1 , s x2 of a single leg is shown in Table 1 . s x1 , s x2 represent the control signals of IGBTs in the upper and lower legs respectively. There is a total of three possible combinations of s x1 and s x2 in one leg as shown in Table 1 . (a) s x1 = 0, s x2 = 1. If i x > 0, S x = 0, the current i x will flow through T x2 ; If i x < 0, S x = 0, the current i x will flow through D x2 . (b) s x1 = 1, s x2 = 0. If i x > 0, S x = 1, the current i x will flow through D x1 ; If i x < 0, S x = 1, the current i x will flow through T x1 . (c) s x1 = 0, s x2 = 0. At this time, the open-circuit fault occurs in an IGBT of this leg.
If i x > 0, S x = 1, the current i x will flow through D x1 ; If i x < 0, S x = 0, the current i x will flow through D x2 . There is a total of ten control signals s x1 and s x2 output from the system controller, which controls the on-off state of the corresponding IGBTs T x1 and T x2 . The specific analysis of the switch principle of IGBTs and the single leg current path is given in Reference [21] .
where − and ∧ represent inversion and AND respectively. δ x denotes the flag of the polarity of the AC side of the leg. δ x is a value of '0', it indicates a turn-off signal, and when δ x is a value of '1', it indicates a turn-on signal. 
The mathematical relationship between each bridge arm of the two-level converter is established as follows:
where i p_x denotes the corresponding bridge leg DC side current, when i p_x is i p_a , i p_b , means the current flowing into the intermediate DC link on the DC side of the rectifier A-phase and rectifier B-phase bridge arm, respectively; when i p_x is i p_u , i p_v , i p_w , which means U-phase, V-phase and W-phase bridge arm DC side of the inverter respectively. Relationship between rectifier DC side and AC side current and rectifier switching device state is defined as
where i p_rec represents the total current flowing into the DC side of the rectifier. The relationship between inverter DC side and AC side current and rectifier switching device state is defined as
Kirchhoff's voltage law gives the DC-link differential equation
It should be noted that
where u cd2 represents the secondary filter capacitor voltage, u hl represents the secondary filter inductor voltage and L cd represents the secondary filter inductor value, which is the secondary filter capacitor value.
The estimation model of the DC-link voltage is constructed by taking measurements of the actual converter system. When an open circuit fault happens in the actual converter system, it will affect the system measured DC-link voltage through output feedback. Finally, the measured value of the DC-link voltage is compared with the estimated DC-link voltage to generate a residual. The specific steps are given as follows.
Inferred from Equation (7), the relationship model between the DC-ink voltage of the two-level converter, the AC side current of the inverter and the rectifier and the switching state of the switching device are adjusted as
where L cd2 and C cd2 are known quantities, i lc is a variable only related to u d , writing as f (u d ).
The residual of u d is defined as
where u d_m (n) is defined as the measured value in the nth control period of the DC-link voltage of the two-level converter system.
Faulty Features Analysis

Residual Change in Fault Cases
In the normal operation, when the control signals s x1 or s x2 gives '1' (the high-level output), the corresponding IGBT is under the on-state; on the contrary, when the control signals s x1 or s x2 give '0' (the low-level output), the corresponding IGBT is in the off-state. For instance, when s u1 gives '0', the T u1 is in off-state, and when s a2 gives '1', the T a2 is in the on-state, and so on. And s x1 = s x1 , s x2 = s x2 (s x1 and s x2 are the control signals generated by the system controller, while s x1 and s x2 are used to represent the on-off state of the upper and lower IGBTs in x leg respectively and are determined by the control signal acting on them). Thus, the residual signal is close to '0'. However, when a fault occurs in one of the IGBT open-circuits, then no current flows through the IGBT and this IGBT is always in the off-state, and the corresponding s x1 or s x2 will turn to a constant in state '0'. It is worth noting that the on-off state of the faulty IGBT has nothing to do with the control signal after the fault happens, which means no matter what the control signal is, the on-off state of the fault IGBT will always be '0', namely the off-state. The residual will change accordingly in certain situations. Furthermore, S x is defined as
Specifically, according to the residual equation derivation in [21] , the Forward-Euler method is used to solve Equation (8) . In addition, a basic assumption should be taken into account that the ac side current changes little and is considered a constant in the digital control period T c [22] . Equation (9) of DC-Link voltage is rewritten as
If x = a, then z = 2, if x = b or x = u or x = v or x = w, then z = 1. According to the switching function of Equations (2), (10) and (11) are further expressed as
When T x1 fault, s x2 − s x2 = 0, and when δ = 0 and s x1 = 1, then, s x1 − s x1 = −1, u d increases to (−1) z+1 · i x (n − 1) · T c /C d ; when T x2 fault, s x1 − s x1 = 0, and when δ = 1 and s x2 = 1, then,
The u d in different faulty cases are shown in Table 2 . 
Switching Matching Feature
The two-level converter system can be seen as a fast switching system. The control signal has two states include high-level output and low-level output, which means each IGBT has two switch states. In this paper, it is used to locate the IGBT fault in the rectifier. The specific operation method of the switching matching method is reset the control signal with off-signal of each IGBT in turn, before they output to the estimation model, the location of the switching matching mechanism is shown in Figure 2 . Then, the switching function of the system estimation model is changed. In order to locate the fault, the idea of the control signal switching matching method is introduced. For the convenience of fault diagnosis and to avoid the influence of the current direction and the positive or negative residual value to fault diagnosis, the diagnosis characteristic function(DCF) is defined as
For analyzing the variation law of the residual in the switching matching process, assuming that T x1 or T x2 respectively express the upper and the lower faulty IGBT. The control signal s " l is processed by switching the matching mechanism in Figure 2 and the corresponding switching IGBT expressed as T " l , which l can be equal to x1, x2, y1 and y2. y is not equal to x which express different legs of the rectifier.
As shown in Table 3 , the 'X' of line 'Control Signal' means it could be either '0' or '1', the switching function change in residuals is divided into two cases: 
(a) The faulty IGBT corresponds to the Switching IGBT T " l . Obviously, after switching the matching operation, the residual change reduced to 0, ignoring the noise.
(b) The faulty IGBT does not correspond to Switching IGBT T " l . After switching the matching operation, the residual change has no change except in some special circumstances.
According to the above analysis, the method of switching matching is used for fault diagnosis, which can be carried out by judging whether the value of the fault characteristic factor is less than a certain threshold under different switching matching modes. However, there are have been some special cases that may lead to misdiagnosis. As shown in Table 3 , one is when T x1 fails, if the control signal is [1 0 0 1] and the signal switching position is T " y2 , and another one is when T x2 fails, if the control signal is [0 1 1 0] and the signal switching position is T " y1 , the value of fault characteristic factors will decline, resulting in misdiagnosis.
To avoid misdiagnosis, the diagnostic factor D is constructed with the value of control signals and the rectifier diagnosis characteristic function (RDCF) which can be expressed as follows:
Different from F, control signals are introduced to the greatest extent to establish D, thus, the false diagnosis can be avoided as much as possible. However, due to limitations, in order to reach the condition that can be diagnosed, that is, D before switching, matching needs to be greater than the diagnostic threshold, which requires a longer diagnostic time. In this paper, the sliding window is used to save the data for a period of time during the rectifier fault diagnosis. The specific operation is described in Section 4 below.
Diagnosis Algorithm
The implementation steps of the fault diagnosis method include three parts, fault detection, vector angular similarity-based leg-level diagnosis and switching matching-based device-level fault diagnosis.
Fault Detection
Firstly, the detection threshold is defined as h d , whose value is determined by a threshold learning method [23] , defined as
where h d is the detection threshold value for diagnosis characteristic function |F|. f tlm is the function of the threshold learning method and includes six variables, which are comprised of the history or training data of detection variables |R k | t , initial threshold value h d0 , the number of Monte-Carlo simulation K, acceptable false alarm rate α, iteration tolerance , and constant ε. Then, compare the DCF which is defined according to Equation (9) with h d ,if DCF is greater than h d and lasts for 3T c , an open-circuit fault is detected.
Vectors Similarity-Based Leg-Level Diagnosis
The vector angular similarity function(VASF) is defined as
where m is the length of the vector angular similarity. x = a, b, u, v, w, represent the five legs of the converter, respectively. It represents the similarity of two vectors' directions. The value of 1 for J x (n) indicates two vectors, which are in the same or opposite directions. The value of 0 for J x (n) indicates two vectors, which are in the orthogonal direction. Obviously, a larger value of J x (n) for two vectors indicates more similarity between them.
As can be seen from the above discussion, the VASF of DCF and current flow are established, respectively, to compare the degree of consistency of vector angles of DCF and current flow, so as to locate the bridge arm where the fault occurs.The leg-level diagnosis process can judge the rectifier and inverter faults and also distinguish in which leg of inverter the fault happened. It should be noted that the fault cannot be located in the specific leg of the rectifier because of the special structure of the rectifier, that is, in the case of x = a or x = b, VASF shows the same amplitude characteristics.
After fault detection, the VASF of the five legs will be calculated for diagnosis. J max is defined as the maximum of Vector angular similarities, then, judge J max = J x and last for lT c , the fault is located in the x leg. The diagnostic process is shown in Figure 3 . 
Switching Matching-Based Device-Level Diagnosis
In the fault location process, the sliding window containing the current, voltage and control signal samples is captured as sliding windows during real-time processing of a certain length L, which is set according to experience to be enough to successfully diagnose the fault location. At kth instant, t is defined as
The data of the sliding window is expressed as
where R represents one set of the samples inputted into the Estimation Model of DC-link Voltage in Figure 2 and DCF, RDCF, which are written as U d (k) , i x (k) , s " x1 (k), s " x2 (k) and F(k), D(k), and r represents measurements of R. The data of the sliding window is updated as the system runs, in each update the last measurement is dropped and the next measurement is included. The schematic diagram of the sliding window principle is shown in Figure 4 . Figure 4 . The schematic diagram of the sliding window.
The sliding window moves its center to the next data sample vector during system operation and when a fault is detected at the nth control period, the sliding window stops moving and the data of the sliding window is saved as R(k). The position of the sliding window is shown in Figure 2 .
The vector angular similarity is constructed above; the leg-level diagnosis can be performed to locate the fault in the rectifier or one phase of the three-phases of the inverter. Then, the fault locating operation of switching matching is carried out; the principle of the switching matching method is described in Section 3.2. The switching matching operations of the inverter and the rectifier differ due to their structural differences, as described below:
(a) Inverter side: If the fault occurred in U phase of inverter, firstly, the data of sliding window s " u1 (k) are set to 0 by the switching matching mechanism. Then, after model formula calculate, the values of diagnostic factor sliding window F(k) also changed, according to the first, second row and the seventh, eighth row in Table 3 , if the fault location is T " u1 (k) , the data in sliding window will be less than detection threshold h d , if not, the fault location for T " u2 (k) . Similarly, the other two phases of the inverter can be judged. The diagnostic process is shown in Figure 5 . (b) Rectifier side: Different from the inverter, the current direction of the network side through the two-phase legs of the rectifier is opposite, and the amplitude is the same. Therefore, according to the analysis of the results in Table 3 , it can be seen that there are some special conditions that may lead to misdiagnosis. According to this situation, RDCF was established above to locate the rectifier fault. The steps are similar to the inverter but at most two switching matches are required to successfully locate the fault. The specific steps are shown in Figure 5 . 
Experimental Results
Experiment Setup
The platform of the experiment is based on hardware-in-the-loop (HIL) [24, 25] , which has several main parts-a traction control unit (TCU), a dSPACE real-time simulator, host PC, Signal Conditioner and a Power Source, as shown Figure 6 . The dSPACE simulator is used to compute the system models with normal and faulty cases and the DS5203 board embedded a Xilinx Kintex 7 field programmable gate array [26] . The control program of the rectifier-side transient direct current control and the inverter-side field-oriented control, as well as the proposed fault detection and diagnosis algorithm, are loaded into the TCU. The signal conditioner is used to convert the signals between the TCU and the simulator. The host PC is used to control the system running and monitors the sensors waveforms in the TCU and the simulator. The control period of the TCU T c is around 40 µs. The main parameters of the platform are from Reference [25] . 
Fault Detection
When an open-circuit fault occurs, the fault characteristic factor D(k) will increase, as shown in Figure 7 , channel 1. According to the detection criteria, when the total time of fault detection condition (D(k) exceeds the detection threshold h d ) to be satisfied is at least 2T c during 3T c , then the fault will be detected and confirmed. The detection processes last approximately 120 µs. It should be noted that, in Figure 7 , the value of DCF did not rise in several control periods after the fault occurred. These periods of time are not included in the fault detection process. This is because, during these periods of time, the current does not flow through the faulty IGBT; at this time, the faulty IGBT will not have any impact on the operation of the system. 
Leg-Level Diagnosis
Based on the results discussed in Section 4.2 above, VASF shows the same amplitude characteristics whether x = a or x = b, then the J a is omitted in Figure 8 . When a fault occurs and the DCF is greater than the threshold h d , then the fault is detected, as shown in Figure 7 . At the same time, the value of VASFs rise. Considering that the time for the current to flow through the faulty IGBT is instantaneous, the calculation of VASFs are in real time. Once the fault is detected, the value of VASFs in this control period are judged for leg-level diagnosis. Therefore, the fault detection point and leg-level diagnosis point of the inverter are in the same control period, as shown in Figure 7 . The result of the leg-level diagnosis is shown in Figure 8 ; each small figure of the six figures is the larger one in the t 3 − t 4 period. The VASF of the faulty leg obviously rises. Because of system noise, other legs also possibly rise while the system runs, thus, each calculation of VASF uses m data to avoid errors, in the experiment, the m is 3. 
Device-Level Diagnosis
After the faulty leg is identified, the switching matching operation is performed. Due to the difference of circuit structure between inverter and rectifier, the device-level fault diagnosis is divided into inverter diagnosis part and rectifier diagnosis part. The diagnosis methods are similar but the difference is that, since the fault is located in the leg-level, the inverter diagnosis only needs switching matching of the two IGBTs of the faulty leg, as shown in Figure 9 . For the rectifier diagnosis, the four IGBTs of the rectifier need to be switching matched, as shown in Figure 10 . The red box is the sliding window and the length of data time saved by the sliding window of the inverter-side is 200 µs, and of the rectifier-side is 500 µs. It is worth noting that the leg-level diagnosis process goes along with the device-level diagnosis process, thus the length of diagnosis time is inverter-side 200 µs and rectifier-side 500 µs respectively. 
Comparison with Other Relevant Methods
The comparison of diagnosis performance between the proposed method and relevant methods for back-to-back converters is summarized in Table 4 . As shown in this table, the proposed method shows good performance. The following performance indices are taken into consideration. The observation (the sensors needed to diagnose), the diagnosis time (maximum time required), the system type of diagnosis (two-level or three-level converters), diagnosis range (rectifier, inverter or both), diagnosis independence (leg-level, device-level or both) and whether a forced signal injection is needed. 
Conclusions
This paper proposes a voltage-based hierarchical diagnosis approach for IGBTs open-circuit fault in two-level AC-DC-AC traction converters. Firstly, an estimation model of DC-link voltage which includes a fault state is constructed. Then, the diagnosis characteristic function (DCF) is acquired according to the residual of the actual converter system and estimation model, comparing it with the detection threshold for fault detection purposes. Furthermore, the leg-level fault is located by constructing a vector angular similarity function (VASF) and the device-level fault is located by way of a switching matching process. Finally, the experimental results have shown the effectiveness of the proposed method.
By constructing a DC-Link voltage estimation model, both inverter and rectifier can be diagnosed with a unified diagnostic architecture by the proposed voltage-based method. Moreover, compared with the mandatory control signal injection method, the proposed DCF will not affect the system's performance during the diagnostic process. Then, the model control signal switching matching process is operated, combine the sliding window technique, which can reduce the waiting time caused by certain control conditions of the proposed DCF, which is beneficial for fast diagnosis in milliseconds. Besides, the hierarchical diagnosed framework is proposed to meet the practical demand of IGBT modules widely used in the market, which divides the diagnosed progress into leg-level and device-level. 
